Introduction
The term "allelopathy" has been widely used in the original sense of Molisch [1] as negative or pos itive biochemical interactions between all types of plants, but distinct from com petition [2] . N atural com pounds which are responsible for this type of interactions have been called allelochemicals (re view [3] ). D istribution o f allelochemicals can occur (1) by excretion from the roots of one plant and diffusion to the roots o f other plants, (2) by leach ing from the leaves (e.g. by rain) and accumulation in the soil surrounding the plant or (3) via the gas phase if the com pound is volatile enough [4] , Dif fusion in the soil seems to be a prerequisite for mechanisms (1) and (2) . It is doubtful whether vol atile com pounds according to (3) can be accum u lated in the soil to concentrations which are high enough to exert allelopathic effects. A direct inter action of gaseous com pounds with surrounding plants is more likely.
Volatile com pounds are released from a great variety o f plants especially in desert areas [5] . The effective com pounds are -as far as they are identi fied -mainly m onoterpenoids and phenolic com pounds. Phytotoxic effects o f such compounds may include interaction with membranes [6] , with energy metabolism [7] or with plant hormones [8] .
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Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0341-0382/90/0700-0835 $01. 30/0 Our interest in possible allelochemical effects started with the coincidental observation that seeds of garden cress seemed to be inhibited or at least retarded in their germ ination in the imme diate neighbourhood of Thuja occidentalis. Several volatile m onoterpenes have been described as com pounds from Thuja sp. [9] [10] [11] [12] [13] [14] [15] . The present paper correlated volatile com pounds released from Thuja occidentalis with the inhibitory effect upon seed germination of garden cress ( Lepidium sativum) and foxtail (Amaranthus caudatus). The possible allelopathic effect o f non-volatile com pounds was also investigated.
Experimental

Equipment
Gas chrom atograph HP 5890 equipped with a 25 m x 0.32 mm i.d. fused silica capillary column coated with 0.52 (im cross-linked SE 54. Carrier gas 2 c m 3/ m i n He; tem perature program , 50-250 °C with 5 °C/min, injection splitless, De tection FID . F or the volatile com pounds the injec tion and detector tem perature was 150 °C. F or the non-volatile com pounds the injection and detector tem perature was 250 °C.
GC/M S. Finnigan 4500 (quadrupol) linked on-line to an INCOS data processing system; directly coupled to a Finnigan GC. J + W 25 m x 0.25 mm i.d. fused silica capillary column coated with 0.35 |im bonded DB 5; carrier gas U . O ster et al. ■ N a tu ra l In h ib ito rs o f G e rm in a tio n an d G ro w th 2 cm3/min He. Temp, program 50-250 °C, 5 °CJ min; injector and transfer-line temp., 250 °C; injec tion splitless; detection TIC; ionization energy 70 eV.
Biotest with Lepidium sativum a) Volatile com pounds: The bottom of Petri dishes (diameter 12 cm) was covered with filter paper which was then moistured with dist. water (3.5 ml). Subsequently, 35 seeds o f L. sativum were evenly distributed on the filter paper so that a free place for a small Petri dish (diameter 2 cm) was left. The small dish was filled with fresh pieces of leaves o f Thuja occidentalis (20-200 mg) . The large Petri dish was tightly closed so that volatile com pounds released from the leaves could not escape. The closed system was then incubated in the dark at 28 °C for 48 h. The length of prim ary roots was then determined in com parison with water controls without Thuja leaves (average root length: 18 mm); the results were expressed as per cent inhibition (see [32] ). b) Non-volatile compounds: A solution of the com pound in either E t20 or M e2CO was evenly distributed on a filter paper which covered the bot tom of a Petri dish (diameter 4.5 cm). After evapo ration o f the solvent, the filter paper was mois tured with 1.5 ml dist. water and 15 seeds of L. sa tivum were evenly distributed on the filter paper. Incubation and determ ination of seed germination was as under a).
Biotest with Amaranthus caudatus
The test was perform ed as under b) but with only 1 ml dist. water and 25 seeds o f A. caudatus. Evaluation of germination was as under a). Aver age root length was 25 mm.
Isolation and identification o f volatile compounds a)
10 g ground leaves o f Thuja occidentalis were placed in a 250 ml round-bottom glass flask which was then connected to 3 U-tubes in series and finally a vacuum apparatus. The U-tubes were cooled with liquid nitrogen. Vacuum of 9 m bar was applied for 8 h. The com pounds which con densed in the U-tubes were then eluted with 15 ml Et20 . After drying with N a2S 0 4, the E t20 solution was directly analyzed by gas chrom atography and mass spectrometry.
b) The secretory organs of Thuja leaves were punctured with a syringe under a microscope. The liquid which entered the syringe by capillary forces was collected from 80 secretory organs and imme diately dissolved in 2 ml E t20 . After drying with N a2S 0 4, the solution was directly analyzed by GC and MS. c) For extraction with organic solvents, leaves (10 g) of Thuja occidentalis were frozen with liquid nitrogen and pulverized in a m ortar with further addition of liquid nitrogen. E t20 (10 ml) was added while still frozen. After thawing, the leaf powder was squeezed out under E t20 . The E t20 solution (8 ml) was poured upon a small silica gel column (0.5 cm, 0 6.5 cm) which had been equili brated with Et20 . The fractions eluted with E t20 were analyzed by GC and MS. Some experiments were performed with chilling of E t20 throughout the procedure, other experiments were performed at room temperature. The results were identical. Extraction with acetone was perform ed corre spondingly with 5 g of Thuja leaves.
Isolation and identification o f non-volatile compounds
500 g leaves of Thuja occidentalis were hom o genized in 2.5 1 H 20 and the hom ogenate was boiled under reflux for 24 h. The aqueous solution was cleared by filtration, adjusted with N a H C 0 3 to pH 8.0 and extracted with E t20 in a perforator. The organic phase contained the same m onoterpenes which had been extracted directly with or ganic solvents from the leaves (see Table I ). The aqueous solution was then acidified with HC1 to pH 1.0 and extracted again with E t20 . The residue of the ether phase was dissolved in M eOH and loaded upon a column of Sephadex LH-20 (8 x 40 cm) which had been equilibrated with H 20 . The column was eluted with H 20 . The bioactivity of each fraction (8 ml) was determined. The first re gion which contained bioactivity comprised frac tions 40-60, the second region fractions 110 -130.
The fractions of region 1 were combined, adjust ed to pH 1 and extracted with E t20 in a perfora tor. The residue of the E t20 solution was m ethyl ated with C H 2N 2 and then further fractionated by distillation at 0. The fractions o f region 2 were also combined, adjusted to pH 1 and extracted with E t20 in a per forator. The residue o f the E t20 phase was m eth ylated with diazom ethane and investigated by TLC (solvent hexane/ethyl acetate 15:85). Abscisic acid Me ester (Rf -0.69) was identified by com parison with the authentic com pound. The Me ester o f ABA was also identified by GC/M S and com parison with an authentic sample. Quantifica tion o f ABA Me ester was achieved by calibration o f the GC peak.
Preparation o f "Thujaketosäure" (20)
The hot solution o f 30 g K M n 0 4 in 400 ml H 20 was added to 10 g thujone. The mixture was shak en for 20 min and then stirred at room tem pera ture for further 5 h. After filtration, the clear solu tion was adjusted to pH 7 with dil. H 2S 0 4 and evaporated to dryness. The solid white residue was then extracted with absolute ethanol. A fter evapo ration of the ethanol solution, the oily residue was dissolved in diethyl ether. The desired acids were then extracted from ether into 5% N a H C 0 3 and after acidification to pH 1 back into diethyl ether. The ether phase was then washed with w ater to neutrality and dried over N a2S 0 4. Evaporation of the clear ether phase yielded colorless crystals (0.72 g). 
Results and Discussion
Volatile compounds
We tested at first the possibility that volatile com pounds which are released from the leaves of Thuja occidentalis m ight be transported via the gas phase to cress seeds and inhibit germination. F or this purpose, we placed pieces o f Thuja leaves in a small Petri dish. The small Petri dish was placed in a larger Petri dish which contained moist filter paper and cress seeds. The large Petri dish was sealed with a cover so that a closed room was created in which volatile com pounds o f Thuja occi dentalis could come into contact with the cress seeds only via the gas phase.
As shown in Fig. 1 , increasing am ounts of Thuja leaves induced increased inhibition o f germina tion. A strict correlation between fresh weight of leaves and inhibition of germ ination cannot be ex pected because the leaves contain variable num bers of secretory organs. Nevertheless, the experi ment dem onstrates that volatile com pounds of Thuja leaves can penetrate the gas phase and induce inhibition of germination in cress seeds. In order to identify the volatile com pounds, fresh leaves of Thuja were placed in a flask which was connected to a vacuum pump via an U-tube. The U-tube was cooled with liquid nitrogen while the leaves were placed under vacuum. Volatile com pounds which condensed in the U -tube were dissolved in diethyl ether and analyzed by gas chrom atography (see Fig. 2 a) and mass spectro metry. By comparison with data from the litera ture [16] [17] [18] [19] [20] the com pounds turned out to be monoterpenes as listed in Table I . 6. p-Cymene The ratio o f different monoterpenes obtained by the vacuum m ethod was compared with the com position o f the contents o f the secretory organ. This content was obtained by introducing a syr inge into the organ; the liquid which entered the syringe by capillary forces was immediately dis solved in diethyl ether and analyzed. F or com pari son, whole leaves were homogenized and extracted with different solvents (diethyl ether, acetone, water). With only few exemptions, the same com pounds were obtained by extraction o f whole leaves (see Fig. 2 b) as by the previous methods. Q uantitation (see Table I ) shows the following results: M onoterpenoid alcohols are not present as such in the secretory organs but are found in the water extracts. The acetates o f these alcohols are however present in the secretory organs; they are found in com parable am ounts in extracts with or ganic solvents but less in water extracts and in the condensate o f the vacuum m ethod, probably due to their lower volatility. We identified the phenolic com pound as thymol; it is not carvacrol as pre viously suspected [11, 12] , It is present in the secre tory cells but is also not volatile enough to appear in the condensate o f the vacuum method. The yield of the main com pound, a-thujone, is relatively small after extraction with water at 100 °C. This is in part due to rearrangem ent to ß-thujone (see Table I ) and other reactions which will be dis cussed below. The hydrocarbons are -as expected according to their solubility -not or nearly not found in the water extracts but are present in com parable am ounts in extracts with organic solvents and in the analysis o f liquid content o f secretory organs. An exemption is y-terpinene: this hydro carbon is not found in the secretory organs directly but is present (albeit in small am ounts) in the water extracts. It is apparently formed by a rearrangem ent reaction in contact with water from a-thujene or sabinene [21, 22] .
At next, we investigated the question whether only the identified com pounds are responsible for inhibition of seed germination. F or this purpose, Thuja leaves were placed in a desiccator together with an open Petri dish, filled with water so that volatile com pounds could be spread in the gas phase and dissolved in the water. After 15 and 48 h, the water was analyzed for dissolved com pounds (see Table II ). This mixture o f com pounds was used in various dilutions for biotests with seeds o f Amaranthus caudatus. We found the same inhibition for the mixture obtained from Thuja leaves and for the mixture o f authentic com pounds (not shown). We conclude therefore that the iden tified m onoterpenes are the active com pounds in our biotest system and that no other com pounds which are active in our biotest are released to the gas phase from Thuja leaves. The identified m onoterpenes and some related compounds were singly tested for their inhibitory activity with seeds of Amaranthus caudatus and Lepidium sativum. All com pounds were applied in an am ount o f 10"6 mol per test vessel and in dilu tions thereof. The highest concentration -pre sumed that the com pounds are completely dis solved in water -was therefore 1 mM for A. cauda tus and 0.66 mM for L. sativum. Only values >30% inhibition o f germ ination for the highest concen tration are listed in Table III . The hydrocarbons a-pinene, camphene, myrcene and limonene and the ketone ß-thujone show a smaller inhibition and are therefore not listed. It is evident that the high est activity is found in the series of alcohols, fol lowed by the ketones, acetates and finally hydro carbons. There are further more differences related to the 3-dimensional structures as shown for the pairs borneol/isoborneol and a-thujone/ß-thujone. Reynolds [24] found a different order o f bioactivi ty in similar experiments with Lactuca sativa: With this species, germination was inhibited more by monoterpene ketones than by alcohols, followed finally by hydrocarbons.
The relatively high bioactivity o f sabinene is probably due to a chemical reaction with water: When pure sabinene was incubated in water at pH 4.0 at 21 °C for 10 days, the following products were found: 62.3% terpinene-4-ol, 19.7% y-terpinene, 6.6% a-terpinene, 3.8% terpinolene, 2.0% a-terpineol, 3.5% m onoterpenes of unknown structure, and only 1.7% sabinene was left. The percentage of terpinene-4-ol is even higher if sabi nene is incubated at higher tem peratures. O ur re sults agree with previous reports on the chemical reactivity of sabinene [21] [22] [23] . The corresponding incubation of limonene yields 10% a-terpineol and 90% limonene. All other tested m onoterpenesa-pinene, camphene, myrcene, fenchone, thujone, campher, borneol, terpinene-4-ol, a-terpineol, bornyl acetate, thymol, carvacrol, terpinyl acetate -were stable under the same conditions.
Non-volatile compounds
In order to detect those com pounds which could possibly leach out from the leaves by rain and cause inhibition of germination beneath the Thuja plants, we investigated aqueous extracts of the leaves. Since extraction at 100 °C gives higher yields than extraction at 20 °C (4-fold higher for volatile compounds, see Table I ), we concentrated our efforts upon hot water extracts. Separation into a neutral and an acidic fraction was achieved as previously [25] [26] [27] by extraction into diethyl ether at pH 8 and then at pH 1. The acid fraction which showed high bioactivity was further frac tionated by chrom atography on Sephadex LH-20. Bioactive com pounds were eluted in 2 zones, zone I comprised fractions 4 0 -6 0 and zone II fractions 110-130. The inhibitory activity o f zone II was much higher with seeds of Amaranthus caudatus C itronellol 0.18 0.49 " T h u jak eto säu re" (20) 0.55 than with those of Lepidium sativum. Such a prop erty had been found previously [27] for abscisic acid (ABA). It turned out after m ethylation by TLC and by GC that zone II contained ABA. The bioactivity o f zone II matched exactly the concen tration ABA. We conclude that bioactivity of this fraction is exclusively due to its content o f ABA. The calculated am ount of ABA in Thuja leaves was 3 -4 |ig /g fresh weight. It is not yet known which function this plant horm one exhibits at such high concentrations in leaves of an evergreen plant during the summer period. Purification of the active com pound of zone I proved to be more difficult. As described in the ex perimental part, the following steps o f purification were applied: m ethylation with diazom ethane, dis tillation in vacuo, horizontal distillation and then column chrom atography on silica gel of the re spective bioactive fraction. The final active frac tion contained still 4 compounds. This mixture consists o f 2 pairs o f compounds, 2 0 a / b and 2 1 a /b . M ass spectra within a pair are nearly iden tical. As shown in Fig. 3 , the mass spectra of the two pairs are also closely related. We have to con clude that the com pounds are 4 isomers. The m o lecular weight, deduced from El and Cl measure ments, is 198; high resolution MS revealed the com position C n H [ [28] [29] [30] . The fragment at m/z 180 (= M-18) points to the other oxygen function as either a hydroxy or carbonyl group. Further fragm entation is similar to that of several cyclic monoterpenes except for the intensity in the higher m/z range which is much smaller here. The compounds looked to us like oxidation products of a monoterpene.
Oxidation of thujone has been known since a long time [31] (see Fig. 4 ). We prepared the oxida tion product 2-(l-isopropyl-2-acetylcyclopropane)acetic acid (20, W allach's "Thujaketosäure"). Two o f the 4 isomers isolated from Thuja The other 2 isomers, contrary to "Thujaketosäure" , gave a strong reaction with permanganate; they must contain therefore an oxidizable group, probably a C,C-double bond. The main product turned out to be a product of an opening reaction of the cyclopropane ring of "Thujaketosäure" : it could be prepared from "Thujaketosäure" by treatm ent with boiling water. Structure 21 (see Fig. 4 ) was established by N M R spectra.
The key feature in the 'H N M R spectrum are two triplets, representing 2 protons each, at 2.75 and 2.60 ppm which indicate the structural ele ment -C H 2-C H 2-. This element does not occur in any o f the isomeric structures which could theo retically also be derived from ring opening of "T hujaketosäure" . The presence of two methylene groups is confirmed by the DEPT 13C N M R spec trum. All other signals in the 'H and in the ,3C N M R spectra are as well in agreement with the proposed structure. Due to the similarity in the mass spectra, we assume that the isomer mixture obtained from Thuja leaves contains the Z and E isomers 21 a and 21 b.
As shown in Table III , the biological activity of the oxidation products 20 and 21 is only slightly higher than that of the parent com pound thujone. Nevertheless, the oxidation products could possi bly contribute to the allelopathic effect o f products from Thuja due to their lower volatility. A precon dition is the rapid form ation o f the oxidation products from thujone under "natural condi tions" . In order to test this possibility, we investi gated the transfer o f liquid thujone into water via the gas phase and the form ation o f "Thujaketosäure" in water at room temperature. As shown in Fig. 5 , saturation o f water with thujone takes sev eral days, only about 1 % of thujone is oxidized to "Thujaketosäure" in parallel under these condi- tions. N o unsaturated com pound is formed at room temperature.
We conclude that oxidation o f thujone, dis solved in water, does occur in the presence o f air. The yield of the oxidation product 20 is however so poor that it does not measurably contribute to the observed inhibitory action of thujone.
Even the saturated solution of thujone in water does not lead to complete inhibition o f germ ina tion although thujone alone does lead to complete inhibition. In order to investigate this phenom e non in more detail, we performed the following ex periment: Thujone was applied (A) via the filter paper in a Petri dish (as usual) and (B) via the gas phase without contact with the filter paper. F or comparison, abscisic acid (ABA) was applied via the filter paper. The am ount o f both com pounds was chosen so that germination was completely in hibited. After m oisturing the filter paper, 25 seeds of A. caudatus were placed upon the filter paper. After 2 days, the content of thujone in the water proved again to be not sufficient for complete inhi bition o f germination. However, complete inhibi tion was observed in the experiment. Analysis of the seeds showed that thujone accumulated in the seeds even more than ABA (Table IV) . No oxida tion products 20 or 21 (see Fig. 4 ) were detectable in the seeds. This experiment dem onstrates that lipid-soluble com pounds like thujone can be accu mulated in the seeds, probably in membranes or other lipid-containing com partments. Such accu m ulation can occur not only via a water phase but probably also directly via the gas phase. Even when conclusions drawn from "closed" laboratory T able IV. U p tak e o f the germ in atio n in h ib ito rs abscisic acid an d thujone by seeds o f Amaranthus caudatus. A p p licatio n A: T he in h ib ito r was applied to filter p ap er w hich w as subsequently m o istu red w ith 1 ml w ater. A pplication B: T he in h ib ito r w as applied via th e gas phase w ith o u t direct co n tact to the m oistured filter paper. E ach vessel co n tain ed 25 seeds o f A. caudatus. In all cases 100% inhibition o f g erm in atio n w as achieved. Seeds o f 40 vessels were collected after 2 days, extracted a n d analyzed. 
